Porous nanospheres have a wide range of applications such as in catalysis, separation and controlled delivery. Among these nanospheres, syntheses and applications of porous silica nanospheres have been investigated extensively. Uniform porous silica nanospheres can be synthesized using a modified Stöber method. In the present study, porous silica spheres were prepared in the pre-formed emulsion-templated porous polyacrylamide (PAM). A hierarchical hybrid structure of mesoporous silica spheres was formed in the highly interconnected macroporous polymer. The polymer scaffold could be removed by calcination with porous silica spheres and the macroporous structures retained. This resulted from the close packing or aggregation of small silica nanospheres in the pores and on the surface of pores of PAM. The modified Stöber synthesis was further carried out in pre-formed polymer nanofibres (chitosan and sodium carboxymethyl cellulose). The structure of porous silica spheres on nanofibres was produced in the presence of the polymer or composite fibres. The corresponding inorganic structures were successfully obtained after calcination. The hierarchical structures of porous nanospheres within macroporous structures or on nanofibres are of potential interest to researchers in nanomaterials, porous polymers, supported catalysis and controlled delivery.
Introduction
In recent years, the studies of nanoparticles and nanostructures have attracted increasing interests worldwide. Porous nanospheres can potentially provide the advantages of both nanoparticles and high surface areas from micro-/mesopores in the nanoparticles. Porous silica spheres have been widely investigated owing to their broad applications in areas such as catalysis, controlled release and separation science. Pores in silica could be formed by using organic templates such as surfactants (Grün et al. 1991; Kresge et al. 1992) , polymers (Zhao et al. 1998 ) and pre-formed structures (Meyers et al. 2002; Walsh et al. 2003; Zhang et al. 2004) . Depending on the types of templates used, porous silica with *Author for correspondence (zhanghf@liv.ac.uk).
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This journal is © 2010 The Royal Society 4351 micropores (2 nm or less), mesopores (2-50 nm) or macropores (50 nm or more) could be produced. Ordered mesoporous silica materials were normally prepared using ionic surfactants or block copolymers as directing agents (Kresge et al. 1992; Zhao et al. 1998) . Under acidic conditions, porous silica materials were prepared as monolithic gels or powders (Halas 2008) . Well-defined non-porous silica spheres were first synthesized by Stöber under basic conditions (Stöber et al. 1968) . To produce silica nanospheres by the Stöber method, it was essential to use a low concentration of tetraalkoxysilane and a base catalyst such as ammonia in a system also including water and alcohol. This method was modified by introducing cationic surfactants to serve as directing agents and thus producing mesopores in the uniform silica nanospheres (Grün et al. 1991; Yano & Fukushima 2004; Shimura & Ogawa 2007) . The mesopores were limited to 2.5 nm or less and surface areas were in the region of 500-1000 m 2 g −1 . Uniform and well-dispersed porous silica microspheres were produced using the modified Stöber method in the presence of hydrophilic polymers (Ahmed et al. 2010) .
A high internal phase emulsion (HIPE) could be formed with an internal droplet phase volume greater than 74.05 v/v%. The monomers and cross-linkers were dissolved in the continuous phase and then polymerized to produce emulsiontemplated porous polymers (known as polyHIPE) after the removal of the solvents (Cameron 2005; Zhang & Cooper 2005) . The continuous phase of the HIPE could be aqueous (Zhang & Cooper 2002) or organic (Cameron 2005) . The stabilizers could be normal surfactants (Cameron 2005; Silverstein et al. 2005) or nanoparticles (Colver & Bon 2007; Menner et al. 2007 ). Owing to the highly interconnected porosity, the polyHIPEs were very fragile. The mechanical properties of highly porous polymer foams were tailored and substantially improved via the inclusion of silica particles in the polymer (Haibach et al. 2006) .
Porous materials prepared with HIPEs as templates exhibit highly interconnected macroporosity. This property was explored as monolith columns in liquid chromatography (Krajnc et al. 2005; Hosoya et al. 2006; Yao et al. 2009 ). The whole stationary phase of the monolith column was one body with numerous multiple micrometre-sized through-pore channels around 100-500 nm. The advantage gained with such morphology was the low column back pressure, which made it possible to operate at high flow rates, leading to fast separation. Krajnc et al. and Yao et al. reported the use of these polyHIPEs for fast and high-throughput separation of proteins. The results showed similar comparison with the commercially available methacrylate monoliths (Krajnc et al. 2005; Yao et al. 2009 ).
The polyHIPEs could also be used as supports for functional groups to facilitate organic synthesis (Krajnc et al. 2006; Kovačič & Krajnc 2009 ). Enzymes were covalently immobilized onto a photopolymerized highly porous support. A remarkable increase in both activity and stability was observed for the test reactions (Pierre et al. 2006) . Metal nanoparticles could provide highly active centres and were very useful for catalysis. However, the nanoparticles could undergo aggregation, resulting in deactivation and loss of catalytic activity under reaction conditions. Recycling catalysts was another important issue. Metal nanoparticles supported in porous materials have been one of the interesting areas that could potentially address this problem (White et al. 2009 ). Gold nanoparticles were formed in situ in the polyHIPEs and the materials were tested for eosin reduction in the presence of NaBH 4 (Féral-Martin et al. 2007) . Palladium nanoparticles were generated within polyHIPEs. The efficiency of the supports was checked via a hydrogenation reaction and a Suzuki-Miyaura coupling reaction (Desforges et al. 2005a,b) . Metal organic frameworks, a class of crystalline microporous materials and usually obtained as powders, were synthesized within polyHIPEs in order to allow for easy handling and integration in storage and separation systems (Schwab et al. 2008) .
Hierarchical zeolites, which coupled in a single material of the catalytic power of micropores and the facilitated access and improved transport consequence of a complementary mesopore network, could be produced by bottom-up and top-down methods. The benefits of hierarchical zeolites were reviewed recently (Pérez-Ramírez et al. 2008) . For applications such as separation, catalysis and biomaterials engineering, it was required that mesoporous materials exhibited hierarchical pore structures at different length scales in order to achieve highly organized functions, since the limited diffusibility of substrates through confined nano-channels could be a problem (Yuan & Su 2006) . Emulsion templating, colloids templating and polymer templating have been used to produce a range of hierarchically porous materials (Imhof & Pine 1997; Sen et al. 2003; Walsh et al. 2003; Zhang et al. 2004; Lu & Eychmüller 2008; Wang & Stein 2008) .
However, there have been very few reports for the synthesis of porous nanospheres in the pre-formed porous structures. Irregular porous silica particles were formed inside the pores of polyacrylamide (PAM) under ambient solgel conditions (Zhang et al. 2004) . Hierarchically porous silica materials were synthesized through a confinement self-assembly approach under acidic conditions in the skeletal scaffolds of polyurethane foams. Depending on the degree of macropore casting, macroporous structures or silica particles (non-spherical) in the macropores could be formed (Xue et al. 2010) . In this study, we investigated the synthesis of porous silica spheres in the presence of highly interconnected macroporous PAM. The surfactant templates inside silica spheres could be removed by calcination to generate hierarchically porous inorganic structures. The porous silica spheres were further prepared in the presence of polymer nanofibres. A unique structure of silica spheres on nanofibres was produced. Both types of materials could be easily handled and may have the potential to improve separation efficiency in liquid chromatography or catalytic efficiency in organic synthesis.
Material and methods

(a) Chemical and reagents
Cetyltrimethylammonium bromide (CTAB; 98% or more), ammonium hydroxide solution (reagent grade, 28-30% NH 3 basis), tetraethyl orthosilicate (TEOS; reagent grade, 98%), iron trichloride (FeCl 3 ), ethanol, acetic acid, poly(vinyl alcohol) (PVA; 80% hydrolyzed, molecular weight 9000-10 000), sodium carboxymethyl cellulose (SCMC; molecular weight 250 000), and chitosan (medium molecular weight) were purchased from Sigma-Aldrich and used as received. Distilled water was used throughout the experiments. The polyHIPE PAM and silica/PAM beads were prepared by oil-in-waterin-oil (O/W/O) sedimentation polymerization, as described previously (Zhang & Cooper 2002; Zhang et al. 2003) . The beads were washed using water for 7 days to remove the surfactant and any un-polymerized monomers before use. Typically, PVA (0.25 g) and CTAB (0.1 g) were dissolved in 5.0 ml water. To this solution, 8 ml ethanol and 2.5 ml TEOS were added while stirring. Then, eight PAM beads were allowed to soak in the solution mixture with gentle stirring using a magnetic stirrer for 24 h. Owing to the weakness of the silica/PAM beads, the solution mixtures were rotated on a roller mixture. The purchased ammonium hydroxide solution (1.0 g) was diluted by mixing with 4.0 ml water, and then 2.0 ml of the diluted ammonia solution was added into the reaction mixture. The reaction was stirred for 24 h at room temperature (20
• C). The beads were filtered and allowed to dry in air. The composite beads were calcined in a furnace (Carbolite, CWF1200) to produce porous silica beads. The calcining condition was: heat at 1
• C min −1 in air to 550
• C, hold for 300 min and then cool down to room temperature at 10
• C min −1 .
(c) Stöber synthesis in the presence of nanofibres
Porous polymeric fibres were prepared by freeze-drying aqueous SCMC (0.1 wt%) and chitosan (0.05, 0.1 and 1 wt%) solutions (Qian et al. 2009 ). For chitosan solution, 2.0 wt% chitosan solution was first prepared by mixing 0.4 g chitosan, 120 ml acetic acid and 20 ml water. This solution was then diluted to prepare 0.05, 0.1 and 1.0 wt% chitosan solutions. The polymer solutions in shallow glass beakers were frozen in liquid nitrogen by slowly touching and then immersing in liquid nitrogen. The frozen samples were freeze dried in a freeze drier (LyoLab 3000, Heto) for 48 h. Polymeric nanofibres were produced after the freeze-drying process.
The freeze-dried chitosan fibres were directly used for the modified Stöber synthesis because chitosan was not soluble in neutral and basic water. The SCMC fibres were cross-linked with FeCl 3 before use (Qian et al. 2009 ). Chitosan and Fe-SCMC composite fibres were added into the reaction system instead of polyHIPE beads as described above. Silica spheres on nanofibres were formed after the reaction. The polymer components could be removed by calcination at 550
• C to generate the inorganic structure of porous silica spheres on nanofibres.
(d) Characterization
Morphologies of silica spheres in porous materials were observed by a Hitachi S-4800 scanning electron microscope (SEM). The samples were adhered to the studs using Araldite resin and then coated with gold (around 15 nm thick) using a sputter coater (EMITECH K550X) for 3 min at 30 mA before imaging. Both the internal and external morphologies were examined to see the distribution of silica spheres. Thermal stability of the composite materials was investigated by thermal gravimetric analysis (TGA; Model Q5000IR TGA, TA Instruments). The Brunauer-Emmett-Teller (BET) surface area and pore volume by N 2 sorption at 77 K were measured using a Micromeritics ASAP 2020 adsorption analyzer. Pore-size distributions were calculated from Barrett-Joyner-Halenda (BJH) desorption data. Samples were degassed for 24 h at 120
• C before analysis. The samples were also characterized using a high-throughput Fourier transform infrared spectroscopy (FTIR; model Tensor 27, HTS-XT, Bruker). Powder X-ray diffraction (PXRD) data were collected on a Panalytical X'Pert Pro MultiPurpose Diffractometer in high-throughput transmission geometry with the Cu anode operating at 40 kV and 40 mA. Samples were closely packed in the wells of an aluminium plate. XRD patterns were collected over 0.5-10
• 2q with a scan time of 6 min. D-spacings were calculated from the XRD data. For the samples containing iron oxide, the XRD patterns were collected for 30 min from 2-80
• 2q. Macropore volumes, bulk densities and macropore-size distributions were recorded using a Micromeritics Autopore IV 9500 porosimeter over a pressure range of 689-4.137 × 10 8 Pa. Intrusion volumes were calculated by subtracting the intrusion arising from mercury interpenetration between beads (pore size greater than 150 mm) from the total intrusion. Skeletal densities were measured using a Micromeritics Helium AccuPyc 1330 pycnometer.
Results and discussion (a) Silica spheres in emulsion-templated polyacrylamide beads
Silica spheres were formed in polyHIPE PAM beads using a modified Stöber method. The beads were soaked in an alkaline solution mixture containing CTAB and PVA. CTAB was self-assembled to form micelles as directing templates during synthesis and the mesopores were generated in silica spheres after removing CTAB by calcination. PVA acted as a stabilizer to facilitate the formation of uniform silica microspheres (Ahmed et al. 2010 ). An excess amount of solution containing PVA, CTAB, ethanol and ammonia was used to soak PAM beads. The PAM beads swelled significantly in the mixture of water and ethanol owing to its hydrophilic nature. Then, 0.5 ml of TEOS was added and allowed to hydrolyze and condense at room temperature for 24 h. The beads were filtered and dried at room temperature overnight. An obvious shrinkage was observed as the solvents evaporated. The composite beads showed a 45.1 per cent mass gain and retained their bead morphology. TGA of the composite beads showed the presence of 81.6 per cent organic template. The internal structure was observed by SEM, which indicated a coating of silica over the surface of the pores but very few silica spheres. A large amount of silica spheres were observed on the external surface of the beads. Because PAM beads were already soaked under alkaline condition, TEOS was immediately hydrolyzed and the nucleation could start on the surface of PAM beads before TEOS could penetrate into the PAM beads.
In order to achieve a uniform loading of silica spheres in the beads, the synthesis was modified by allowing the beads to soak in the solution mixture containing 0.5 ml TEOS before adding ammonia. The beads were soaked for 24 h to allow the reagents (TEOS, CTAB and PVA) to diffuse into the internal pores. The hydrolysis-condensation of TEOS was then induced by adding ammonia. The beads remained in solution for a further 24 h. This procedure led to a higher mass increase of 63.6 per cent. The silica content was determined by TGA, which showed 33.2 per cent of silica remained after calcination. The presence of silica particles in the macropores was clearly observed (figure 1a), with the macropores still highly interconnected. There was a relatively denser distribution of silica spheres observed on the surface of the beads (figure 1b). However, the pores on the surface were not blocked and still accessible to the internal pores.
(i) Effect of tetraethyl orthosilicate
The ratio of PVA : CTAB : ethanol : TEOS : H 2 O could affect pore structure and particle morphology of formed silica spheres significantly in Stöber synthesis. In this study, we investigated the formation of silica spheres in porous PAM by varying the amounts of TEOS, PVA and CTAB. The amount of TEOS added into the reaction system was varied in order to produce a uniform distribution of silica microspheres with tuneable loading. The amount of TEOS concentration was increased from 0.5 to 2.5 ml, while the amounts of the other reagents were kept the same. With increasing TEOS content, the degree of shrinkage of the beads during drying at room temperature was unnoticeable. This suggested that the PAM beads containing silica spheres were rigid, hence preserving the bead shape and pore structure. The increase in TEOS content in the reaction mixture lead to a high mass gain (140%) (S1, table 1). The mass loss measured by TGA for sample S1 was 39.6 per cent in the temperature range 100-800
• C. The emulsiontemplated structure was retained on the bead surface. Silica spheres were observed on the pore wall, with the pores completely accessible (figure 2a). A similar internal porous structure was shown with silica spheres around 1 mm in the pores. The numbers of silica spheres around 1 mm were a bit smaller inside than on the surface of the PAM beads (figure 2). When examining the SEM images at higher magnification closely, it could be found that there was a layer of silica containing aggregated smaller silica spheres (approx. 200 nm) covering the PAM pore surface.
After calcination at 550
• C, the beads remained intact with little shrinkage. A cross-sectioned calcined bead was examined by SEM (figure 3a). Figure 3b shows the interconnected emulsion-templated pore structure. The pore wall is composed of aggregation of small silica spheres (approx. 200 nm) with silica microspheres on top of that (figure 3c,d). The composite beads (sample S1) were characterized by N 2 sorption, showing a low surface area of 3.5 m 2 g −1 . After calcination, the infrared spectroscopy showed the absence of the PAM carbonyl group peak at around 1676 cm −1 . The N 2 isotherm for the calcined beads showed a type IV isotherm (figure 4a), which is normally obtained for meso-/macroporous silica. A hysteresis loop was developed, suggesting the development of large mesopores (Bhambhani et al. 1970; Bartoszek et al. 2009 ). The plot of pore-size distribution shows two peaks around 10 and 1.9 nm (figure 4b). The double pore-size distributions resulted from the PAM template (for the pores around 10 nm) and CTAB template (for the pores around 1.9 nm). Hydrolyzed TEOS could penetrate into the swollen cross-linked PAM molecular chains. The sol-gel process of TEOS took place around PAM chains. The removal of PAM by calcinations led to the formation of mesopores around 10 nm. This type of mesopore was also observed in the previous study . For CTAB, the cationic surfactant selfassembled to form micelles. The hydrolyzed TEOS species interacted with the CTAB in the solution and the sol-gel process occurred around CTAB micelles. Mesopores around 1.9 nm were generated after the CTAB micelles were removed by calcinations. Therefore, a hierarchical structure with mesoporous (1.9 nm) silica nanospherers within macroporous silica containing 10 nm mesopores was produced. The BET surface area was increased to 220 m 2 g −1 with a pore volume of 0.318 cm 3 g −1 after calcination. The PXRD pattern of the calcined sample S1 displayed an intensely sharp peak at 1.23
• (d-spacing 7.1 nm), which is typical for mesoporous silica (Jones et al. 2008;  figure 4c) . In a control experiment where the silica spheres were formed under the same condition but in the absence of PAM beads, the calcined silica powders exhibited a BET surface area of 275 m 2 g −1 with the pore size around 2.50 nm. There was a weak and broad diffraction peak around 2.50
• observed on the PXRD pattern. By comparing the N 2 sorption data and the PXRD pattern of the calcined sample S1 with those of the controlled sample, it could be suggested that the mesopores around 10 nm resulted from the PAM templating . A discrepancy was observed between the d-spacing and the pore size measured by N 2 sorption (table 1). XRD patterns arise usually from crystalline materials. For mesoporous silica, the XRD pattern was generated from ordered uniform mesopores (Kresge et al. 1992; Zhao et al. 1998) . The d-spacing calculated from the Bragg law should indicate the centreto-centre distance of the pores. However, the pore sizes measured by N 2 sorption are for all the micropores or mesopores, no matter whether they are ordered or uniform in size. Only for highly ordered mesoporous/microporous materials, the pore sizes from N 2 sorption may be directly compared with the d-spacings calculated from XRD patterns. For porous materials prepared in this study, double pore-size distributions or very broad pore-size distributions were obtained by N 2 sorption measurement. It was envisaged that only a portion of mesopores were ordered, which was reflected on the XRD patterns. Depending on the preparation conditions, the d-spacings calculated from XRD patterns could be smaller or larger than the pore sizes measured by N 2 sorption (table 1).
The macropore structure was further characterized by mercury intrusion porosimetry. The calcined sample S1 gave an intrusion pore volume of 2.46 cm 3 g −1 , with a macropore-size distribution around 13.9 mm corresponding to the interconnecting window between the emulsion-templated pores (figure 4d). This macropore size was similar to that of the original PAM beads, which suggested that the shrinkage was not significant and the HIPE-templated structure was retained. The mechanical strength of the silica beads was greatly enhanced with increasing TEOS concentration owing to an increase in the silica to polymer ratio.
When the amount of TEOS was increased to 5.0 ml, the mass gain was increased to 188 per cent after the reaction. The TGA data showed a mass loss of 39.8 per cent, similar to that of sample S1 (table 1) . This was possibly due to the increased presence of PVA and CTAB in the composite materials. Figure 5a shows the bead shape and the highly interconnected macroporous structure still retained after calcination. Compared with the calcined sample S1, the pore surface (external and internal) looked smoother (figure 5b). There was a large portion of smaller silica spheres (approx. 200 nm) throughout the bead that are packed closely together, with silica microspheres distributed on the top of the surface (figure 5c). As a result of the increased amount of TEOS, the mechanical stability was further increased for the calcined beads.
(ii) Effect of poly (vinyl alcohol) and cetyltrimethylammonium bromide It was found in our previous study that the use of PVA and CTAB in the synthesis was essential to produce well-dispersed porous silica microspheres (Ahmed et al. 2010) . It would be interesting to see how PVA and CTAB would affect the porosity and morphology of the silica spheres in porous PAM beads. The reactions were carried out without adding surfactant CTAB (S2) and without both CTAB and PVA (S3). The obtained composite beads showed mass gains in the range 100-110% with low surface areas (S3 = 4.11 and S4 = 8.02 m 2 g −1 ). The mass losses were 52.1 and 48.7 per cent, as measured by the TGA (table 1). For (a) ( b) Figure 6 . Internal porous structure of calcined beads prepared (a) with PVA but without CTAB (sample S2) and (b) without PVA and CTAB (sample S3).
both samples, the bead morphology and emulsion-templated porous structure were retained (figure 6). The internal surface of the calcined S2 beads showed a uniform distribution of silica nanospheres (around 200 nm) on top of even smaller silica nanospheres (around 60 nm) (figure 6a). For the calcined S3 beads, only silica nanospheres around 200 nm were packed together closely to maintain the emulsion-templated structure (figure 6b). It was interesting to find that the surface area of the calcined S3 (165 m 2 g −1 , mesopores around 10.7 nm) was higher than that of the calcined sample S2 (116 m 2 g −1 , mesopores around 12.0 nm). This suggested that PVA played no role in the formation of mesopores and further confirmed that the mesopores around 10 nm resulted from the PAM templating. The PXRD patterns were very similar as shown in figure 4c, corresponding to d-spacings of 7.1 nm. The macropore-size distributions measured by Hg intrusion porosimetry were around 17.0 mm for both samples.
In the modified Stöber synthesis, surfactant CTAB was used as a directing agent to introduce ordered micro-/mesoporosity (Grün et al. 1991; Yano & Fukushima 2004; Shimura & Ogawa 2007) . When the synthesis was performed in the presence of porous PAM beads, the CTAB-templated pores were not detected during PXRD measurement. The low surface area compared with our previous study (Ahmed et al. 2010 ) was due to the lower molar ratio of CTAB to TEOS. An increased CTAB amount (0.5 g) was added in order to see whether the surface area could be improved and ordered meso-/micropores could be formed (sample S4 in table 1). A higher mass gain (196.8%) after the synthesis and correspondingly a higher mass loss (65.1%) were observed (table 1). Figure 7a shows the emulsion-templated pore structure with silica microspheres (approx. 1 mm) packed/aggregated on the pore surface. The PXRD pattern exhibits a shape peak at 1.23
• and another broad peak at 3.48 • (figure 7b). The weak and broad peak was caused by the presence of less ordered pores templated by CTAB. A broad macropore-size distribution around 11.3 mm for the calcined S4 is shown in figure 7c . The use of a high concentration of CTAB had a significant effect on both the BET surface area and pore-size distribution. The N 2 sorption isothermal is similar to a type I isotherm, but with a steep increase in nitrogen uptake and a small hysteresis loop appearing at a relative pressure of 0.9 < P/P 0 < 1.0 (figure 7d). The calcined sample showed a high BET surface area (729 m 2 g −1 ) with a narrow pore-size distribution around 1.9 nm templated by CTAB. In the inset figure in figure 7d , there is a little lump around 70 nm, which could explain the steep rise of the isothermal curve at the relative pressure of 0.9 < P/P 0 < 1.0. This was also confirmed by the Hg porosimetry data, which showed the presence of macropores around 60 nm (figure 7c).
(iii) Porous polyacrylamide monolith
For some applications such as high-performance liquid chromatography, the porous monolith with a defined shape was very useful (Krajnc et al. 2005; Hosoya et al. 2006) . A polyHIPE PAM monolith was synthesized and then used to prepare silica spheres inside in this study. The same condition as in sample S1 was used. The mass gain after the synthesis was lower (54.0%). The emulsiontemplated porous structure was observed for the calcined monolith (figure 8a). The shrinkage and some cracks were developed during solvent evaporation (figure 8b). Like the structure in figure 3d , the pore walls were composed of smaller silica spheres (around 200 nm) and silica microspheres (around 1 mm) (figure 8c). Optimizing the preparation condition is required to produce samples that do not develop shrinkage and cracking during solvent evaporation and the calcining process.
(b) Silica spheres synthesize with porous silica/polyacrylamide composite beads
The emulsion-templated silica composite beads were prepared by O/W/O sedimentation polymerization . The use of porous silica/PAM composite beads in the synthesis was to see how the pore-size distribution would change with micro-/mesopores from the CTAB template and from the silica/PAM composite beads after calcination. The synthesis in silica/PAM beads was carried out under the same condition as in sample S1. The bead shape was retained after synthesis with a mass gain of 94.5 per cent. The surface area for the composite beads (S5) was found to be 23.6 m 2 g −1 , higher than the composites synthesized from PAM beads. An electron micrograph of the composite beads showed that the original polyHIPE structure was retained after synthesis. However, there was no silica spheres present inside the beads. Most of the silica spheres were deposited on the external surface of the beads. TGA of sample S5 showed 22.4 per cent mass loss, which was lower than the original silica/PAM composite beads (53.5%) . This suggested that the silica content increased after synthesis, but without the inclusion of the organic component in silica.
The composite beads were calcined to yield porous spherical silica beads, but the degree of shrinkage was visible owing to the lower mass gain and the mass gain mainly appearing on the bead surface. This was confirmed with a slight decrease in the intrusion volume of calcined beads from 5.68 to 4.43 cm 3 g −1 . The SEM images showed an interconnected porous structure with a smooth pore surface inside the bead (figure 9a) and silica spheres formed on the surface of the bead (figure 9b). Because the highly interconnected macropores were present in the silica/PAM composite beads, the reagents in the reaction system should be able to penetrate into the beads. The surface property of the pores owing to the presence of silica, including silanol groups, might lead to the formation of a smooth layer of silica instead of silica spheres. Indeed, it was found that a uniform layer of silica was formed on the pore walls for both PAM and silica/PAM beads when the synthesis was performed under acidic conditions. Further experiments are required to elucidate why silica spheres were not formed in the porous silica/PAM beads.
The BET surface area was calculated to be 247 m 2 g −1 with a pore volume of 0.385 cm 3 g −1 and an average pore size of 7.6 nm. The BJH plot shows a broad pore-size distribution in the range 2.0-100 nm (figure 9c). The macropore-size distribution measured by Hg intrusion porosimetry was around 3.9 mm, which was a little smaller than that of directly calcined silica/PAM beads (figure 9d) .
(c) Silica spheres on sub-micron fibres
Recently, sub-micron polymer fibres and inorganic structures were prepared by freeze drying dilute aqueous polymer solutions (Qian et al. 2009 ). The fibres could be used as scaffolds with a high surface area and easy accessibility for a range of applications. It was thought that the formation of silica spheres on submicron fibres would be very interesting. The particles-on-fibres structure could be produced by coaxial electrospinning (Song et al. 2005) . However, the productivity by electrospinning was limited owing to the slow injection rate. In principle, our method may be easily scaled-up to prepare large quantities of materials. 
(i) Chitosan fibres
Chitosan fibres were prepared by freeze drying 0.05 and 0.1 wt% aqueous chitosan solutions. As a comparison, porous chistosan was also formed by freeze drying a 1.0 wt% solution. The synthesis of porous silica spheres with chitosan structures was performed under the same conditions as in sample S1. The mass gain (107.6%) for the porous chitosan (S6 in table 1) was much lower than for chitosan fibres (430.0%, S7 in table 1). Figure 10a shows the porous chistosan structure after the synthesis. There are very few silica spheres inside the porous structure. Indeed, most of the silica spheres were observed on or close to the exterior surface of porous chitosan. For chitosan fibres made from 0.1 wt% aqueous solution, small silica spheres (around 200 nm) are aggregated on chitosan fibres, with silica microspheres (around 1 mm) present between the fibres (figure 10b). A large amount of silica microspheres were formed on or close to the exterior surface of the chitosan fibre network. The chitosan fibres were also prepared from 0.05 wt% aqueous solution and used for the synthesis of silica spheres. A well-defined spheres-on-fibres structure was observed (figure 10c). These composite fibres were calcined at 550
• C in air to remove the polymer template. The FTIR spectra of chitosan-silica composite showed some characteristic absorption bands of chitosan at about 3455 (N-H and O-H), 1650 (C=O) and 1074 cm −1 (C-O and Si-O) ). After calcination, an intense band at 1086 cm −1 for the Si-O bond was observed with the disappearance of absorption bands for chitosan. The calcined sample S7 gave a BET surface area of 169 m 2 g −1 with mesopores around 2.2 nm. The spheres-on-fibres structure was retained after calcination (figure 10d). It was believed that silica was formed within and on the surface of chitosan fibres during the modified Stöber synthesis in the presence of chitosan fibres. After calcination, chitosan was completely removed, as confirmed by the FTIR data. Thus, a structure of silica spheres on silica fibre was formed. For the porous chitsoan as a template, the poresize distribution peaked at 2.1 and 5.2 nm with a slightly higher surface area (200 m 2 g −1 ) after calcination. The mesopores around 2.1 nm were thought to be from the template of CTAB micelles. It was very likely that the larger mesopores around 5.2 nm were formed owing to the sol-gel process within chitosan fibres. The macropore structure in the materials was characterized by mercury intrusion porosimetry. The calcined sample S6 showed a high intrusion volume (14.2 cm 3 g −1 ) with macropores around 60 mm (in the range of 2-100 mm). A broad pore-size distribution in the range of 0.20-100 mm with a pore volume of 4.14 cm 3 g −1 was observed for the calcined S7. The porous structure (S6) did not show any diffraction peaks on the PXRD pattern, while the fibrous structure showed a broad peak at 1.81
• (d-spacing 4.85 nm), which should be the mesopores generated after the removal of chitsoan by calcinations.
(ii) Fe-sodium carboxymethyl cellulose composite fibre In order to investigate whether silica spheres on other types of fibres, especially metal oxide fibres, could be produced, the synthesis of silica spheres was performed in the presence of Fe-SCMC composite fibres. The composite fibres were prepared by a cross-linking reaction between Fe 3+ and SCMC fibres (prepared by freeze drying 0.1 wt% aqueous SCMC solution). Figure 11a shows the presence of silica microspheres between the fibres. After calcination, the spheres-on-fibres structure was retained (figure 11b). The shrinkage was unnoticeable during the calcination. The TGA measurement gave a low mass loss of 12.7 per cent. The PXRD pattern indicated the formation of a-Fe 2 O 3 fibres (haematite) in the structure. The IR spectrum of silica spheres-Fe 2 O 3 fibres contained intense absorption bands at 466 and 533 cm −1 , which were identified as an Fe-O bond (Ma et al. 2003; Toderas et al. 2006) . The band at 1086 cm −1 was assigned to the specific vibration of the Si-O bond. The average diameter of the fibres was around 300-400 nm, estimated from SEM images. Silica nanospheres (around 200 nm) were also found covering the a-Fe 2 O 3 fibres.
Conclusion
We reported for the first time the preparation of mesoporous silica nanospheres within highly interconnected macroporous materials and on sub-micron fibres. The modified Stöber method was employed to produce porous silica spheres. PolyHIPE PAM beads were used as the scaffolds to form mesoporous silica spheres in the macroporous structures. The effects of TEOS concentration, the presence of PVA and the concentration of CTAB on the loading, size and porosity of the silica spheres were investigated. The prepared composite materials could be calcined to produce hierarchically porous inorganic structures in the presence of silica spheres. Typically, this type of materials could contain hierarchical pores at around 14 mm, 11 nm and 2.0 nm. The surface area of the materials could be substantially increased by using increasing amounts of CTAB. The preparation of silica spheres was also investigated in porous PAM monolith and porous silica/PAM composite beads. In the case of silica/PAM composite beads, the porous silica spheres were mainly present on the exterior surface, with very few spheres observed inside the beads. A freeze-drying method was used to prepare polymeric sub-micron fibres. These fibres were then used as scaffolds to produce the unique spheres-on-nanofibres structure. The polymer fibres in the composites could be removed by calcination to obtain the corresponding inorganic structure. Small porous silica spheres (around 200 nm) were found to be aggregated on the fibres, with silica microspheres (around 1 mm) present between fibres. The materials prepared in this study exhibit hierarchical porosities with fine control on the morphology of silica particles. The interconnected macropores may facilitate mass transport, particularly for viscous liquid systems, while mesopores can provide high surface areas for active sites or molecule loading. It is believed that these materials are potentially useful for heterogeneous catalysis, separation science and controlled delivery.
